Surviving in the natural environment requires the rapid switching of attention among potentially relevant stimuli. We studied electrophysiologically the involuntary switching time in humans performing a task designed to study brain mechanisms of involuntary attention and distraction (C. Escera et al., 1998, J. Cogn. Neurosci., 10, 590±604). Ten subjects were instructed to discriminate visual stimuli preceded by a task-irrelevant sound, this being either a repetitive tone (P = 0.8) or a distracting sound, i.e. a slightly higher deviant tone (P = 0.1) or an environmental novel sound (P = 0.1). In different conditions, the sounds preceded the visual stimuli by 245 or 355 ms. Deviant tones and novel sounds prolonged reaction times signi®cantly to subsequent visual stimuli by 7.4 (P < 0.02) and 15.2 ms (P < 0.003), respectively. In addition to a mismatch negativity (MMN) and a positive-polarity, 320-ms latency, P3a event-related potential associated, respectively, with detection of the distracting sound and the subsequent orienting of attention to it, a late frontal negative de¯ection was observed in distracting trials. The peak latency of this brain response from sound onset was 580 ms in the 245-ms condition and 115 ms longer in the 355-ms condition (P < 0.001), peaking consequently at 340 ms from visual stimulus onset, irrespective of the onset of the distracting sound. We suggest that this late frontal negative response may signal over the scalp the process of reallocating attention back to the original task after momentary distraction, and therefore that recovering from distraction may take a similar shifting time as orienting attention involuntarily towards unexpected novelty.
Introduction
In addition to voluntary control of attention, involuntary attention switching is crucial for adaptive behaviour. Attention is easily attracted by certain types of events, like sound change and novelty, disrupting temporarily the current activity to bring new, potentially signi®cant stimuli into the focus of conscious evaluation. Such involuntary form of attention, known as the orienting response (Sokolov, 1963 (Sokolov, , 1990 , plays an important biological role for survival in natural circumstances.
Several event-related potentials (ERPs) apparently mark in humans different stages during the activation of the cerebral networks underlying involuntary attention. In the auditory modality, the negative-polarity N1 response (Na Èa Èta Ènen & Picton, 1987) and the mismatch negativity (MMN; Na Èa Èta Ènen et al., 1978; Na Èa Èta Ènen & Winkler, 1999) of the auditory cortex (Alho, 1995) re¯ect cerebral mechanisms for detecting changes in acoustic energy (Na Èa Èta Ènen & Picton, 1987; Na Èa Èta Ènen, 1990 ) and stimulus features (Na Èa Èta Ènen, 1990; Escera et al., 1998; Schro Èger & Wolff, 1998) , respectively. The effective orienting of attention triggered by these detection mechanisms is, in turn, signalled over the scalp by a subsequent ERP, the P3a response (Squires et al., 1975; Knight, 1984; Escera et al., 2000) . P3a peaks at about 300 ms after the occurrence of an attention-catching acoustic change or environmental sound (e.g. a telephone ring) disrupting a stream of repetitive stimulation. Contributions to P3a generation arise from the supratemporal (Halgren et al., 1995a; Alho et al., 1998) and cingulate cortices (Baudena et al., 1995) , the prefrontal (Knight, 1984; Yamaguchi & Knight, 1991; Baudena et al., 1995) and temporal±parietal association areas (Yamaguchi & Knight, 1991; Halgren et al., 1995b; Mecklinger & Ullsperger, 1995) , and the hippocampus (Knight, 1996) , thus indicating that a broadly distributed cerebral network underlies the orienting response.
However, as involuntary orienting of attention is important, so is the reorienting of attention back to the original activity. This reorienting of attention is apparently re¯ected in a further negative response, the reorienting negativity (RON; Schro Èger & Wolff, 1998) elicited by stimulus changes distracting the concurrent task performance. RON has been observed over prefrontal areas following the P3a when irrelevant stimulus changes occur during auditory discrimination. In addition to auditory task performance (Schro Èger & Wolff, 1998) , RON is also elicited after distraction during visual discrimination (Berti & Schro Èger, 2001 ). However, none of these studies has settled whether RON re¯ects further processing of the distractor or the actual reallocation of attention back to original task performance.
In the present study, brain electrophysiological responses were recorded during performance in an auditory-visual distraction paradigm , where 10 human subjects discriminated visual stimuli shortly preceded by a task-irrelevant sound. In different conditions, the asynchrony between the auditory and visual stimuli was short (245 ms) or long (355 ms). It was predicted that, to re¯ect actual reorienting of attention towards primary task performance, the RON response should be time-locked to the visual stimuli demanding attention after a distracting event, and therefore, that its peak latency would provide an electrophysiological marker of the attention switching time required to recover from distraction.
Materials and methods

Subjects
Ten healthy volunteers (two males) between the ages of 21 and 29 years with normal hearing and normal or corrected-to-normal visual acuity participated in the study. Subjects gave their informed written consent to participate in the experiment.
Stimuli and procedure
Subjects were presented with 10 blocks of 400 auditory-visual (A-V) stimulus pairs (Fig. 1a) . Standard and deviant auditory stimuli were sinusoidal tone bursts of 150-ms duration (10 ms of rise/fall times), presented binaurally at 75 dB SPL through headphones, with respective frequencies of 600 and 700 Hz. Sixty different environmental sounds, such as those produced by a drill, hammer, rain, door, telephone ringing, etc., were used as novel sounds. These were digitally recorded, low-pass ®ltered at 10 000 Hz, and edited to have a duration of 150 ms, including rise and fall times of 10 ms, and an intensity maximum of 70±80 dB SPL. Each different novel sound occurred only once within a stimulus block and was presented two or three times during the whole experiment. Both deviant-tone and novel-sound trials were always preceded by at least one trial in which the sound was a standard tone. The visual stimuli were the digits from one to eight presented one at a time in random order with equal probability on a computer screen for 200 ms. They subtended a vertical angle of 1.7°and a horizontal angle of 1.1°(30 mm Q 0 mm; 100 cm from the subject's eyes).
Participants sat in a comfortable chair in a dimly lit and electrically and acoustically shielded booth. They were instructed to focus on a ®xation cross in the centre of the computer screen and to press a left response button for odd numbers with their right index ®nger and a right response button for even numbers with the right middle ®nger, and to ignore the auditory stimulation. Both speed and accuracy were emphasized for the visual task. The blocks were presented with alternating asynchronies, with half of the subjects starting with a short A-V asynchrony (245 ms) block and the other half starting with the long A-V asynchrony (355 ms). Before the experimental blocks, subjects were presented with one practice block with no sounds.
Electrophysiological recordings
The electroencephalogram (EEG) (bandpass 0.1±100 Hz) was continuously digitized at a rate of 500 Hz by a SynAmps ampli®er (NeuroScan) from 19 tin electrodes placed on a cap according to the International 10±20 System (Fp1, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, O2), and from two additional electrodes placed at the left (LM) and right mastoids (RM). The horizontal electrooculogram (EOG) was recorded from electrodes placed at the outer canthi of both eyes, whereas the vertical EOG was monitored from the recordings at Fp1 and Fp2. All electrodes were referenced to an electrode attached to the tip of the nose.
Data processing
A correct button press within 800 ms after visual-stimulus onset was considered to be a hit. Response time was computed only for correct hits. An incorrect button press was classi®ed as an error, and trials with no response within this time window were considered as misses. Hits, errors, misses and response times were computed across odd and even numbers.
ERPs were averaged off-line according to the type of auditory stimulus, for an epoch of 1300 ms including 100 ms of prestimulus baseline. Epochs in which the EEG or the EOG exceeded T 100 mV, as well as the ®rst ®ve epochs of each block, were automatically excluded from the averages. Standard-tone trials immediately following deviant-tone or novel-sound trials were also excluded from the averages. Individual ERPs were digitally band-pass ®ltered between 0.1 and 30 Hz. All ERP amplitudes were measured against the mean amplitude of the 100-ms baseline preceding the auditorystimulus onset.
The auditory N1 was identi®ed as the largest negative peak at Cz in the 70±150 ms time window of the ERPs to standard, deviant and novel sounds. The MMN was identi®ed as the largest negative peak at Fz in the 100±200 ms time window of the deviant minus standard
FIG. 1. Experimental design and behavioural results. (a)
A trial consisted of a visual stimulus (either an odd or an even number) preceded by a sound at a ®xed stimulus-onset-asynchrony, which was, in different blocks, short (245 ms) or long (355 ms). The ®xed visual-auditory asynchrony (onset-toonset) was of 900 ms in all conditions. The auditory stimulus was either a standard tone, a deviant tone, or a novel sound, presented in random order with probabilities of 0.8, 0.1 and 0.1, respectively. (b) Hit rate and response time averaged across all subjects to visual stimuli preceded by standard, deviant or novel sounds, in the short and the long auditory-visual asynchrony conditions. Bars show the standard error of mean. difference waveforms. The deviant and novel P3a peaks were identi®ed as the largest positive peak at Fz in the 250±350 ms time window of the corresponding difference waveforms. In response to novel sounds, the P3a had two consecutive phases, and thus the mean amplitude of the early and late phases was measured in the novel minus standard difference waveforms in the respective time windows of 200±280 ms and 280±360 ms. A late frontal negative response subsequent to the P3a was identi®ed in both deviant and novel minus standard differences waveforms as the largest negative peak at Fz in the 550±600 ms time windows for the short A-V asynchrony, and in the 670±720 ms time window for the long A-V asynchrony. Mean amplitudes in these time windows were also computed for scalp distribution analysis. In the long A-V asynchrony condition, this frontal negative response displayed an additional earlier peak in both the deviant and novel minus standard difference waveforms. For statistical analysis, the mean amplitude of this early phase was computed in the 425±475 ms time window. Signi®cance of electrophysiological activity elicited in distracting trials was analysed at Fz by comparing the ERP mean amplitude in the corresponding trial (i.e. deviant or novel) and time window (as de®ned above) with the mean amplitude in the same time windows of the ERPs elicited in standard trials.
N2 and P3b de¯ections elicited by the visual stimuli were identi®ed over the latency ranges of 200±250 ms and 300±400 ms from visual stimulus onset, respectively, in standard, deviant and novel trials. For scalp distribution analysis, the mean amplitude in these latency intervals was computed in standard trials.
ERPs and performance were analysed statistically by means of analysis of variance (ANOVA) for repeated measures with A-V asynchrony (two levels) and stimulus (two or three levels in different analyses) as factors. Where appropriate, Greenhouse±Geisser correction of the degrees of freedom was applied, the uncorrected degrees of freedom and the corrected P-values being reported. Scalp distribution analyses were performed on ERP-normalized amplitudes (McCarthy & Wood, 1985) at F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4 and T6, by ANOVA for repeated measures with frontality (frontal/central/parietal), laterality (left/central/right) and A-V asynchrony (245/355 ms) as factors.
Results
As shown in Fig. 1b , subjects had an overall high performance level in the visual task across the stimulus and A-V asynchrony conditions (mean = 91.5% of correct hits). However, the hit rate decreased FIG. 2. Event-related potential (ERP) waveforms, averaged across all subjects, for auditory-visual (A-V) stimulus pairs in the short (245 ms) and long (355 ms) A-V asynchrony conditions in standard, deviant and novel trials. The A-V stimulus pairs elicited a complex ERP response, characterized by the auditory N1 (and the P3a to novel sounds), and the visual N1, N2, and P3b responses in the two asynchrony conditions. The visual N2 and P3b responses were of similar amplitude over the parietal areas, but a signi®cant attenuation of P3b (F 2,18 = 9.58, P < 0.004) and enhancement of N2 (F 2,18 = 12.48, P < 0.002) was observed in the two A-V asynchrony conditions over the frontal areas in novel and deviant trials. These effects were, however, due to the overlapping with the late frontal negative response elicited in these trials (see Fig. 3a ).
signi®cantly by 1.8% when visual stimuli were preceded by a deviant tone in comparison with those preceded by the standard tone (F 1,9 = 10.74, P < 0.02) due to an increase in the number of errors in deviant trials (F 1,9 = 10.48, P < 0.02). In contrast, no differences were found between the hit rates to visual stimuli preceded by standard and novel sounds (F 1,9 = 1.8, P = 0.21) or between the miss rates in the three trial types (F 2,18 = 0.28, P = 0.71). Hit response times were signi®cantly delayed by 7.4 ms in deviant trials (F 1,9 = 9.38, P < 0.02) and by 15.2 ms in novel trials (F 1,9 = 17.81, P < 0.003) in comparison with the response time in standard trials, the response time increase in the novel trials being marginally larger than that observed in the deviant trials (F 1,9 = 4.86 P = 0.055). No signi®cant differences in the hit rates or response times were found between the two A-V asynchronies, although subjects tended to be faster in the short than in the long A-V asynchrony condition (F 1,9 = 11.06, P = 0.083).
Electrophysiological activity generated during orienting, distraction and the subsequent reorienting of attention was evaluated with difference waveforms obtained by subtracting the standard-trial ERPs from those elicited in distracting, i.e. deviant and novel, trials (Fig. 2) . These difference waveforms showed a similar morphology in the two distracting trial types characterized by an early negative response, a subsequent P3a response, and a late frontal negative response (Fig. 3a) . The deviant-trial minus standard-trial difference waveforms revealed the MMN (F 1,9 = 29.8, P < 0.001; Fig. 3a) , which was of similar peak latency (140 ms; F 1,8 = 0.54, P = 0.48) and amplitude (±2.2 mV; F 1,8 = 2.24, P = 0.17) in the two A-V asynchrony conditions. The novel-trial minus the standard-trial waveform showed, in turn, a similar N1 enhancement in the two A-V asynchrony conditions (signi®cant novel-N1 and standard-N1 amplitude difference, F 1,9 = 8.67, P < 0.02; Fig. 3a) .
Both deviant tones and novel sounds elicited the P3a component (Fig. 3a) , which was larger to novel sounds than to deviant tones (7.1 and 1.7 mV, respectively; F 1,9 = 129.21, P < 0.001), but of similar amplitude in the two A-V asynchrony conditions (F 1,9 = 0.31, P = 0.58). As described earlier , the P3a to novel sounds had two different phases with respective peak latencies of 238 ms and 320 ms at Cz, the late P3a phase being larger over frontal regions and asymmetrical over parietal regions with respect to the early phase (signi®cant interaction, phase Q frontality Q laterality, F 2,72 = 5.76, P < 0.005; Fig. 3b) .
Following the P3a, a subsequent late frontal negative response was observed in both deviant (F 1,9 = 13.9, P < 0.006) and novel trials (F 1,9 = 76.86, P < 0.001) (Fig. 3a) . The peak latency of this negative response from sound onset was 580 ms in the short and 695 ms in the long A-V asynchrony conditions, respectively, i.e. 115 ms later in the long than in the short A-V asynchrony condition when measured from auditory onset (F 1,9 = 86.8, P < 0.001; Fig. 4a ). As the time difference between the two asynchrony conditions was 110 ms, the late frontal negative response was time-locked to the visual stimuli, reaching its maximum amplitude at about 340 ms from visualstimulus onset in both asynchrony conditions. Scalp distribution analyses of the late frontal negative response revealed a fronto-central scalp predominance (frontality Q laterality, F 8,72 = 3.17, P < 0.05), and distinguished its underlying neural populations from those generating the visual N2 (signi®cant component±frontality interaction in deviant trials, F 2,18 = 10.89, P < 0.006; and novel trials, F 2,18 = 15.73, P < 0.002) and P3b responses (signi®cant component±frontality interaction in deviant trials, F 2,18 = 22.32, P < 0.001; and novel trials, F 2,18 = 22.91, P < 0.001) (Fig. 4b) . The visual N2 and P3b responses may re¯ect, according to current hypotheses, discrimination (Ritter et al., 1979) and working memory updating (Donchin & Coles, 1988) of visual stimuli at 211 ms and 423 ms from visual-stimulus onset, respectively.
In the long A-V asynchrony condition, the late frontal negative response was preceded by a smaller (F 1,9 = 8.67, P < 0.02) early phase, peaking at 450 ms from auditory stimulus onset (Fig. 5a) . A signi®cant phase±stimulus interaction (F 1,9 = 7.64, P < 0.03) revealed that, whereas the earlier phase did not differ between the novel and deviant trials, the later phase was larger in the novel than in the deviant trials (Fig. 5a ). Scalp distribution analysis yielded signi®cant phase Q laterality (F 4,36 = 10.45, P < 0.001) and phase Q frontality±laterality interactions (F 8,72 = 3.59, P < 0.03), indicating that the two phases of the late frontal negative response re¯ected the activity of distinct neural populations (Fig. 5b) .
Discussion
The results obtained in the present study corroborate previous ®ndings describing the sequence of brain activations that underlie the detection of stimulus changes and novelty in the acoustic environment and the subsequent involuntary orienting of attention (Schro Èger, 1996; Alho et al., 1997; Escera et al., 1998 Escera et al., , 2000 Schro Èger & Wolff, 1998) . Speci®cally, deviant tones generated the MMN Ðand possibly some N1 enhancement (see Yago et al., 2001 ) Ð whereas novel sounds generated a combined enhanced-N1/MMN response Escera et al., 1998) . The generator processes underlying N1 and MMN have been suggested to trigger a call for attention upon involuntary detection of transitions in stimulus energy (Na Èa Èta Ènen & Picton, 1987; Na Èa Èta Ènen, 1990) or features (Na Èa Èta Ènen, 1990; Schro Èger, 1996; Escera et al., 1998; Schro Èger & Wolff, 1998) , respectively. A subsequent P3a response was observed in our recordings, suggesting actual orienting of attention towards the task-irrelevant stimuli (Squires et al., 1975; Knight, 1984 Knight, , 1996 Escera et al., 2000) . Novel sounds caused more effective orienting of attention than deviant tones, as indicated by the longer response times and larger P3a responses in the novel trials than in the deviant trials. The present results also corroborate previous data indicating that the P3a is a composite response with two different phases: an early one, of centroparietal distribution, which may re¯ect the breaking of regularity in the environment, and a later one, with a frontal maximum, which may signal over the scalp the effective orienting of attention towards novelty (Yamaguchi & Knight, 1991; Escera et al., 1998) .
Following the P3a response, a long-lasting frontal negative response was elicited in distracting trials. This frontal negative response was time-locked to the visual stimuli, and had a peak latency of about 340 ms from visual onset in the two A-V asynchrony conditions. We suggest that this negative response apparently signals over the scalp the process of reallocating attention back to the taskrelevant stimulation after momentary distraction. This is supported by the fact that the late frontal negative response was larger when the visual stimuli were preceded by more attention-catching sounds, i.e. the novel sounds, than when they were preceded by the deviant tones. Behavioural data supported that attention was more effectively reoriented to the original task after novel than after deviant sounds, as re¯ected in the similar performance accuracy in novel and standard trials, contrasting with the hit rate decrease found in deviant trials. Alternatively, the late frontal negative response may re¯ect some other aspect of processing the visual stimulus or preparing the motor response. For instance, it may arise from a reduced positivity indexing effective processing of visual stimuli in standard trials. However, this is unlikely because, as shown in Fig. 2 , such a positive response is the P3b, thought to re¯ect memory updating of the visual stimuli (Donchin & Coles, 1988) , and scalp distribution analysis distinguished its underlying neural generators from those contributing to the late frontal negative response (see Fig. 4) .
A similar frontal negative response was described in a study in which the subjects had to discriminate between short (200 ms) and long (400 ms) sinusoidal tone-bursts, which were either of a highprobability standard frequency or of a low-probability deviant frequency (Schro Èger & Wolff, 1998) . The task-irrelevant deviation in tone frequency caused orienting of attention and distraction, as indicated behaviourally by an increase in response time and electrophysiologically by the MMN and P3a responses. A subsequent negative response was also observed over fronto-central areas in the 400±600 ms latency range in the low-probability deviant frequency trials. Because this late negativity was not elicited in a condition in which the subjects had to discriminate actively the frequency deviant tones, nor when they were instructed to ignore the auditory stimulation while silently reading a book, the authors suggested that this electrophysiological response was generated only in the context of distraction, and therefore called it reorienting negativity (RON) to indicate the returning of attention back towards taskrelevant aspects of stimulation (i.e. duration) after temporary distraction (Schro Èger & Wolff, 1998) .
In the present study, the late frontal negative response showed an earlier phase in the long A-V asynchrony condition, which was timelocked to the auditory distracting stimuli. Scalp distribution analysis disclosed the underlying neural generators of the early phase from those contributing to the late phase of the frontal negative response, suggesting different functional roles. Indeed, the early phase may correspond to the`sensitization negativity' described in previous studies as re¯ecting the brain's automatic preparation for detecting possible subsequent stimulus changes (Na Èa Èta Ènen et al., 1982; Alho et al., 1992; Alho et al., 1994) . This early phase was not observed in the short A-V asynchrony, possibly because in this condition both phases overlapped due to the temporal proximity between the visual, task-relevant stimulus and the preceding task-irrelevant sound. This could have also been the case in the experiment of Schro Èger & Wolff (1998), in which the task-irrelevant stimulus feature (i.e. the change in tone frequency) preceded the task-relevant feature (tone duration) by 200 ms. Therefore, in properly controlled experiments the asynchrony between the distractor and the target stimuli should be manipulated in order to disclose the contribution of the`further processing of the distractor' from the process of reallocation of attention back to target stimulation (i.e. the`genuine' RON response) after temporary distraction.
Previous observation of the RON response indicates that the underlying neural populations deal with the shifting of attention between inputs within a given sensory modality. For instance, as described earlier, Schro Èger & Wolff (1998) found a RON response when subjects had to reorient attention to relevant aspects of stimulation (i.e. duration), after distraction by unexpected frequency changes in the auditory modality. In a related study, the RON was also elicited in the context of distraction during unimodal visual task performance (Berti & Schro Èger, 2001) . From these results, one could have concluded that the RON generating mechanisms observed in these studies were modality-speci®c, although the similar scalp distribution of the auditory-and visual-elicited RON found by Berti & Schro Èger (2001) suggests common underlying neural populations. In the present study, we have gone further in this issue by showing that the RON response can also be obtained when the subjects had to shift their attention involuntarily between the auditory and the visual modalities, thus con®rming the supramodal nature of the underlying generating mechanisms. In our study, the genuine RON response had a fronto-central scalp distribution, similar to that described in previous reports Berti & Schro Èger, 2001) . Scalp current density analysis of the RON response performed by Schro Èger et al. (2000) suggests multiple generators over the frontal cortex. Therefore, considering this scalp distribution and frontal sources, the RON response may re¯ect the activation of the prefrontal cortex networks controlling the direction of attention (Desimone & Duncan, 1995; Tomita et al., 1999; Daffner et al., 2000; Hop®nger et al., 2000; Miller, 2000) to redirect the focus of attention to relevant aspects of stimulation after a momentary distraction.
An adaptive behaviour requires the rapid switching of the focus of attention between potentially relevant stimuli competing for processing resources. Human electrophysiological studies have shown, by measuring the contralateral visual N2pc ERP, that attention can be distributed voluntarily between objects located in different visual ®elds within 100 ms shifting periods (Woodman & Luck, 1999) . Other forms of attention shifting, such as the one triggered by external cues, may take longer shifting periods. This is the case illustrated in the study of Mu Èller et al. (1998) , who used the enhancement of steady-visual evoked potentials to attended locations to indicate allocation of attention. These authors found attentional switches at 600±800 ms when triggered by visual cues informing about the location of a subsequent visual target. A shorter attention shifting time, i.e. » 400 ms, has been found in studies in which the subjects are required to identify two visual target stimuli appearing in rapid succession at a particular location, a shifting period known as the`attentional blink' (Duncan et al., 1994; Luck et al., 1996) . A similar attentional blink phenomena has been reported in the auditory modality (Treisman, 1971; Massaro, 1976) , although the attention dwell time was not directly measured in these studies. The data obtained in the present study suggest that attention can be involuntarily shifted in about 300 ms from visual task performance towards a task-irrelevant and unexpected novel sound or auditory change, as indicated by the P3a response (Squires et al., 1975; Knight, 1984 Knight, , 1996 Yamaguchi & Knight, 1991; Escera et al., 1998) . If we assume that the late frontal negative response is an electrical brain signal elicited to the shifting of attention back to task-relevant aspects of stimulation after a momentary distraction, the present results suggest that recovering from distraction takes less than 350 ms.
